Introduction
Printed electronics techniques such as inkjet printing and flexo-printing present a low-cost solution to the production of electronic devices such as radio frequency identification (RFID) tags and large-area displays as they can do away with the time consuming and expensive processes inherent in the conventional photolithographic techniques used in the PCB (printed circuit board) industry [1] . Key components of printed electronics are conducting lines and films. Although conducting polymers could be used for these components, their conductivity and stability are still much inferior to those of their metallic counterparts [2] [3] [4] . Therefore, metal-based nanoinks have recently been introduced to alleviate these shortcomings. For the metal-based nanoinks, the need for low-temperature, in-situ sintering of conductive electrodes is an important issue. Kim et al. [2] developed Ag nanoparticle ink for inkjet printing where the nanoparticles could be sintered at temperatures around 200 • C for 30 min. They investigated the resistance changes of the inkjet printed conductive films with respect to the sintering temperature and Ag particle size. Ko et al. [4] studied sintering of gold nanoink on a polymer substrate using a 520-nm laser. They obtained a high line resolution down to 1-2 µm with a low resistivity of 5.41 µ cm, which is only two times that of bulk gold (2.65 µ cm). However, this local laser sintering technique requires a sophisticated 3D gantry system. In addition, since this technique can only sinter very small spots, it is difficult to cover large areas.
Although novel materials such as silver and gold can be sintered at fairly low temperatures, they are too expensive to be used for mass production. Therefore, Park et al. [3] developed a low-viscosity conductive ink containing welldispersed copper nanoparticles through a polyol process. The inkjet printed nanoparticles were sintered at 325 • C for 1 h in vacuum to prevent oxidation [3] . However, the traditional thermal sintering still requires a high temperature, long cycle time and a vacuum chamber. Flash lamp annealing (FLA) is a millisecond process using irradiation of lights over a broad spectrum in the visible range. This technique has been used successfully to minimize the annealing cycle for thin gate oxides on a silicon wafer to within a few milliseconds [5, 6] . The technique used a halogen lamp for pre-heating of the wafer to 300 • C and then a xenon flash lamp to increase the wafer temperature to 600-700 • C instantly. The sheet resistance was characterized as function of the flash light intensity and preheating temperature to show that the flash lamp annealing is effective for channel engineering in sub 100-nm MOSFETS. Although there are several reports on the application of the FLA technique to the annealing of channels in silicon substrates, the literature on the use of intense pulsed light to sinter conductive nanoparticles for printed electronics is rare to the authors' knowledge.
In the present work, we have developed an intense pulsed light (IPL) sintering technique for millisecond, large area sintering of copper conductive paths in ambient conditions. Commercial copper nanoink was painted on several polymer substrates and sintered using a xenon flash lamp system under varying levels of light intensity. The resulting conductivity was measured and correlated with microstructures examined by atomic force microscopy (AFM), X-ray diffraction (XRD), scanning electron microscopy (SEM), and X-ray micro tomography.
Experimental procedure
The nanoink has copper particles of 5-nm diameter uniformly dispersed in a mixed solvent of ethylene glycol and 2-methoxyethanol (Samsung Electro-Mechanic, Korea). About 5 µl of copper nanoink was dropped and spread uniformly over a square area 10 mm × 10 mm using an auto pipette. The solvent was dried out at 80 • C for 10 min and 1 µm thick copper particles film was obtained. Also, a rubber stamp was used to make a copper nanoink pattern on the polymer substrate. For the substrate, four different materials were used: glass fiber BT (bismaleimide triazine) epoxy composite, polyimide film (Kapton, Dupont), polyethylene (PE) film, and polypropylene (PP) film. The intense pulsed light (IPL) sintering system was set up as shown in Fig. 1 .
The IPL sintering system is composed of a xenon flash lamp (PerkinElmer QXA, UK), an aluminum reflector, a power supply, capacitors, a simmer triggering pulse controller, and a light filter. IPL is generated using an arc plasma phenomenon in the xenon flash lamp [7] . Once the gas is ionized, a spark is formed between the electrodes, allowing the capacitor current to conduct, which is the arc plasma phenomenon. A charged super capacitor (40000 µF) is used to deliver high electrical current (about 1000 A) in a short time (1-10 ms) when the lamp is triggered. During the arc plasma generation, the flash lamp emits an optical spectrum of light that covers a wide range of wavelength from 160 nm to 2.5 mm [7] . The conversion of electrical input power into radiated optical power is approximately 50% in the wavelength range of 200-1100 nm, Fig. 2 [7] . The energy of the light pulse can be controlled from 20 to 50 J/cm 2 by varying the capacitor charge, which was measured and verified at 14 mm distance from the lamp by the manufacturer [7] . Pulse durations from 2 to 10 ms are possible depending on the capacitor/inductor circuit configuration in the simmer triggering system.
In the present work, the pulse width was fixed at 2 ms. Since the ultraviolet (UV) light may degrade polymer substrates, wavelengths below 540 nm were blocked out by a glass filter, as shown in Fig. 1 [8] . Then, the light irradiation was decreased to 70% of the initial irradiation by UV light filter [7] . The IPL sintering process was performed in ambient conditions as shown in Fig. 3 .
The surface topography of the sintered film was investigated using various types of microscopes: an Olympus optical microscope, a field emission SEM (JEOL JSM-67) with EDX, and an AFM (Digital Instrument Dimension 3100). The crystal phase analysis was done by XRD (Phillips, Cu Kα radiation), and the microstructure was investigated using 3D X-ray microtomography (Micro Photonics, Skyscan 1172). Electrical resistivity of the sintered copper film was measured using a 4-wire Kelvin measurement system (Keithley 2400).
Results and discussion
The IPL was irradiated on the copper nanoink for 2 ms, 14 mm away from the specimen. The micrographs in Fig. 4 show the copper nanoparticles in aggregates when the light intensity is larger than 40 J/cm 2 . When the light intensity is lower than 30 J/cm 2 , large cracks are present and no particle agglomeration is observed.
The AFM micrographs in Fig. 5 show the clumped particle size increasing with increasing light intensity, which is in agreement with the SEM micrographs of Fig. 6 . The SEM micrographs also show a clear grain of full sintering as indicated by the formation of necks between neighboring nanoparticles when the light intensity is higher than 45 J/cm 2 . The EDX spectra in Fig. 7 shows the C and O peaks decreasing as the light intensity increases. In order to ensure that the O peak is not from the oxidization of copper, XRD pattern of the Cu were recorded after sintering at different light intensities, Fig. 8 . The XRD pattern in Fig. 8 shows three characteristic peaks at 44.6, 51.8, and 76.2 • for the planar reflections of (111), (200), and (220), respectively. These characteristic peaks confirm the face-centered cubic (FCC) copper phase without significant oxides or other impurity phases generated during IPL sintering, according to the reported reference (JCPDS No. 01-1242). Therefore, it is concluded that the C and O peaks come from the remnant solvent when an insufficient light intensity is used. This phenomenon, where there is no oxidation of the copper nanoparticles even in ambient condition sintering process, may be due to the short sintering time (2 ms). This is a major benefit of IPL sintering as it can eliminate the sophisticated inert gas or vacuum chamber system in conventional thermal sintering process.
Figures 9(a) and 9(b) are 3D X-ray microtomographs of a fully sintered copper film. Many pores are still found inside the film, which is similar to the SEM investigation in Fig. 6(d) . These pores are believed to be responsible for the electrical resistivity (5 µ cm) of the IPL-sintered film being 3 times as high as the bulk resistance (1.68 µ cm), Fig. 10 . The dissimilar microstructure morphology on top compared to the bottom surface indicates that the amount of the penetrating intense pulsed light from the xenon flash lamp varies with the depth of the copper film. Therefore, further investigation to obtain the optimal thickness of the copper nanoink is needed for more uniform sintering using IPL irradiation. Nevertheless, the resistivity of the IPL-sintered copper nanoink is one third that of the thermally sintered copper nanoink (17.2 µ cm) reported by Park et al. [3] .
A 2D X-ray image showing the interface of the sintered copper layer and the substrate is presented in Fig. 10 . No delaminations and pores between the sintered copper film and the polymer substrate were found through all cross-sections of the specimen, which reveals that the adhesion quality of the interface is good, Fig. 11(a) . Also, the adhesion strength between the printed electrode and all of the polymer substrates was found to be reliable from a simple scratch test using a diamond-tip pen, Fig. 11(b) .
In order to investigate the sintering mechanism of the copper nanoink by the intense pulsed light, the melting temperature of metallic nanoparticles was calculated by the following equation [9] :
where ρ is the density, γ is the surface tension, T 0 is the melting temperature of bulk metal, L is the latent heat of fusion, and r is the radius of the nanoparticle. The subscripts s and l denote solid and liquid, respectively. The material constants of copper are shown in Table 1 . Equation (1) predicts that the melting temperature of copper is significantly depressed much when the particle radius is smaller than 10 nm, Fig. 12 . The copper nanoparticles look black, not purple, because they become a very good light absorber due to their very high surface-to-volume ratio. Thus these nanoparticles can absorb the intense pulsed light very well, reaching their depressed melting temperature in a short time (2 ms). The short sintering time can prevent any oxidation of copper nanoparticles even in an ambient condition. Figure 13 shows images of the stamped and sintered nanoink on various polymer substrates. There is no damage in any of the polymer substrate films, including the polyethylene film whose melting temperature is quite low, only Suppose an IPL with 1 J/cm 2 is irradiated onto a 10-µm-thick copper nanoink film painted over a polyethylene film 100 µm thick. Assume further that all of the light energy is absorbed into both layers without scattering and reflection. The resulting temperature increase of each material can be estimated by a lumped mass method as follows, Fig. 14 :
where C p and t are the heat capacity and the film thickness, respectively. Using the material properties in Table 2 yields the temperature rises of the copper and polyethylene films to be 297 and 57 • C, respectively. Furthermore, since the polymer is a very poor conductor, as shown in Table 2 , the hot copper film will heat the cool polymer only at the interface region. The resulting local melting may help the adhesion between the polymer and nanoparticle films. Therefore, the IPL sintering is an excellent fabrication process for printed electronics using low-temperature polymer substrates. 
Conclusions
An intense pulsed light (IPL) sintering system has been developed to sinter copper nanoink on low-temperature polymer substrates. The IPL can sinter the copper nanoink without damaging the polymer substrates when a light intensity of 50 J/cm 2 is used at a distance of 14 mm away. The sintered copper film has a grainy structure with neck-like junctions. The film has 5 µ cm of electrical resistivity which is one third that of previously reported thermally sintered copper nanoink. The developed IPL sintering technique can be used for large area printed electronics on low-temperature polymer substrates with almost instant cycle time.
